Introduction {#s0001}
============

Irritable bowel syndrome (IBS) is a common gastrointestinal disorder affecting approximately 10--15% of the people in Western world.[@cit0001] The patient group is very heterogeneous and characterized by abdominal pain, discomfort and abnormal bowel habits. The pathophysiology of IBS is unknown, it would appear that the due to the heterogeneous patient material there are multiple explanations for the symptom development. Currently, patients are subdivided according to their main symptom that have been proposed in the so called Rome criteria; IBS with diarrhea (IBS-D), IBS with constipation (IBS-C) or IBS with mixed bowel habits (IBS-M).[@cit0002] No single unifying cause for IBS has been reported[@cit0003] but several factors have been associated with the disease etiology, including genetic predisposition,[@cit0004] anxiety and depression[@cit0005] as well as female gender.[@cit0006] Moreover, there is strong evidence indicating that changes in the intestinal microbiota and their function could be one of the contributing factors in the development of IBS. Several studies have reported differences in the intestinal microbiota composition of IBS patients and healthy controls, however the results show little overlap from study to study.[@cit0007] This is likely caused by different methodological approaches in the analysis steps as well as the heterogeneity of the IBS patients. Regardless of the lack of coherent changes in the microbial composition, there is clear evidence for the role of the microbiota in the pathogenesis of IBS. For one, the patients report improved symptoms after consuming agents targeted to modify the intestinal microbiota, including probiotics,[@cit0009] antibiotics[@cit0010] or changing diet, such as avoidance of FODMAP carbohydrates.[@cit0011] Moreover, the strongest predictor for IBS is a prior gastroenteritic episode, which will increase the risk of developing IBS by 7-fold.[@cit0012] It has been estimated that about 10% of the IBS cases begin after an episode of gastroenteritis, causing post-infectious (PI) IBS, indicating a cause and effect relationship.[@cit0013] This is in line with a previously proposed model in which an event, such as an infection, affects the intestinal microbiota and generates an alternative stable state.[@cit0015] Recently, a number of bistable microbial groups, i.e. microbes with two stable homeostatic states, have been identified that could act as tipping points in this well known ecological process that is associated with resilience.[@cit0017]

In our recent study by Jalanka and colleagues[@cit0018] the differences in the microbial composition of PI-IBS patients were addressed by analyzing the faecal microbiota of the study subjects with a previously validated and benchmarked phylogenetic microarray, detecting the abundance of over 1000 bacterial phylotypes found in the human intestine.[@cit0019] The studied cohort consisted of 57 British subjects divided into 5 study groups; patients with a PI-IBS diagnosis (group 1, Rome II), patients whom 6 months after the gastroenteritic episode had a persisting bowel dysfunction, which however did not qualify for IBS (PI-BD) (group 2) or did not experience any bowel dysfunction anymore (PI-nonBD) (group 3). The results were benchmarked against IBS-D patients (group 4, Rome II) and healthy controls (group 5). Our aim was to determine the microbial compositional differences and to address associations between the faecal microbiota and the clinical features of IBS from patients with a varying degree of symptoms. As the development of IBS is multifactorial, we hypothesized that the observed symptoms and development of PI-IBS may arise from the interplay between the faecal microbiota, the host immune response, and psychological factors. Therefore, we analyzed in parallel the detailed records of the participants\' psychological well-being, intestinal symptoms, systemic immunological markers as well as the levels of host gene expression on rectal mucosa. This integrated approach, addressing the associations between clinical phenotype and the faecal microbiota allowed us to address the complex relationships between the host and microbiota in the pathogenesis of IBS and PI-IBS.

Microbial Signatures and IMD {#s0002}
============================

Since the intestinal microbiota is very heterogeneous and subject-specific, we hypothesized that instead of limiting the comparative microbiota analysis to individual taxa, it would be more relevant to search for a microbial signature that potentially differs between the patients and healthy controls. By using a novel bioinformatic approach (bootstrap aggregated RDA method; baggedRDA) we identified a combination of 27 genus-like bacterial groups that significantly separated healthy controls and patients with IBS symptoms. Moreover, we found that the microbial profile of the PI-IBS and PI-BD groups resembled those suffering from IBS-D. The major difference in the patients\' microbiota was the 12-fold increase of Bacteroidetes phylum and the 35-fold decrease of Uncultured *Clostridiales* belonging to the Firmicutes phylum. Furthermore, when all participants were ranked according to the abundance of the discriminating bacterial taxa, a specific ordering was obtained, the so-called Index of Microbial Dysbiosis (IMD). This rank ordering reflected the patient\'s health status as it correlated with the increase of several immunological markers and intestinal complaints, where as no such associations were observed when subdividing the patients according to their clinical status. Interestingly, there were no significant correlations between the IMD and any of the psychological symptoms often associated with IBS. Our results corroborate the previous reports that the microbial composition could be used to further stratify IBS patients and thus complement the clinical subgroupings.[@cit0021] In a recent study it was estimated that circa 33% of the IBS patients exhibit anxiety and 13% suffer from depression.[@cit0022] In addition, it was found that somatisation was significantly increased in the IBS patients compared to controls with gastrointestinal symptoms but without IBS. Although the intestinal microbiota of these patients was not studied, in the light of the recent evidence it could be hypothesized that the etiology of the disease in the patients with psychological symptoms differs from those with microbial aberrations. Taken together, these results suggest that the discriminant microbial profile could be used as an objective measure of disturbed bowel functions and therefore a potential novel way of stratifying this heterogeneous patient material in future studies and in clinical practise.

To verify our findings in a larger patient material we combined the microbiota data form the British subjects[@cit0018] with that of a Swedish PI-IBS cohort reported recently by Sundin and colleagues.[@cit0023] Both studies were conducted with an identical analysis pipeline, including the well established mechanical lysis for extraction of faecal DNA,[@cit0024] the HITChip phylogenetic microarray platform,[@cit0019] and the normalization and analysis software suite.[@cit0026] The combined data aimed to determine whether the PI-IBS patients from 2 countries share similarities in their microbiota compared to healthy controls. The Swedish cohort introduced new subjects to both healthy controls (n=16) and PI-IBS patients (n=13, Rome III) therefore doubling the sample size to a total of 51 subjects. Remarkably, the significant difference in the microbiota profiles between the healthy and PI-IBS patients was replicated (*p* \< 0.05, [**Fig. 1**](#f0001){ref-type="fig"}). The strongest difference was observed with the significant increase in the *Bacteroides ssp.* and decrease of members of the Uncultured *Clostridiales* in the PI-IBS patients. Interestingly, both *Bacteroides fragilis* and Uncultured *Clostridiales* have been identified as bistable microbial groups and predicted to act as tipping points of the gut ecosystem in opposite ways.[@cit0017] However, not all of the IMD taxa reported in the original study[@cit0018] appeared as significantly different between the patients and controls, and there were new taxa that were significantly increased in the combined PI-IBS patient group. One of them was *Dialister*, which was recently identified as bistable i.e., being either abundant or nearly absent in contrast to most other bacteria that show gradual abundance distribution.[@cit0017] *Dialister* has also previously been associated with IBS.[@cit0021] This highlights the need of conducting the future research in large cohorts in order to verify the separating species between PI-IBS and healthy controls. Figure 1.Intestinal microbiota of PI-IBS patients is significantly different form that of healthy controls (HC). The difference was measured with baggedRDA that was used to identify a microbial signature that separates HC from PI-IBS patients from the two study cohorts. The 19 taxa responsible for the separation are listed. Abundance of the discriminating taxa creates the so-called Index of Microbial Dysbiosis (IMD).

The role of *Bacteroides* spp. in the pathophysiology of IBS is controversial, probably reflecting the heterogeneity of the patients as well as the genus *Bacteroides.* Previous studies have reported opposing results regarding the relevance of *Bacteroides* genera in IBS, as there is evidence for both increased[@cit0028] as well as decreased[@cit0021] abundance in the patients. Interestingly, elevated levels of *Bacteroides* spp were among the microbiota changes that have been associated with susceptibility to enteric pathogens in mice.[@cit0032] It has been suggested that susceptibility to infections could increase due to a imbalanced microbial composition, since complex interactions between the microbiota and host immune system might reduce the resistance to episodes of gastroenteritis. Recently, similar observations were made in humans by Dicksved and colleagues who followed abattoir workers who have a high risk of contracting *C. jejuni* infection.[@cit0033] The participants donated faecal samples at the start of employment and were then regularly followed. The subjects who became *C. jejuni* infected had increased levels of *Bacteroides* species prior the infection, as opposed to those individuals who did not contract the disease during the follow-up period. The individuals who remained healthy had significantly higher levels of Uncultured *Clostridiales*.[@cit0033] Similar to these findings, it was recently shown that the subjects contracting a gastroenteritis had increased levels of *Bacteroides* spp. and decreased levels of Firmicutes immediately after the infection.[@cit0034] Although the infectious agents in this study were diverse, the differences in the microbiota profile were similar to what we found. Altogether, these data from several studies allow to hypothesize that the subjects with a microbial profile resembling the IMD could be more susceptible for contracting a gastrointestinal infection and later developing PI-IBS. More studies on patients before and after gastroenteritis are required to verify this hypothesis. Moreover, the possibility remains that the microbiota composition is not causally related to IBS. Recent experiments in mice have indicated that innate[@cit0035] and mucosal immune system[@cit0036] play a deterministic role in shaping the gut microbiota. Hence, the observed IMD may be a reflection of the activity of the host\'s immune system. While this alternative explanation may offer new insight in the etiology of IBS, it confirms the significance and application potential of IMD in stratifying IBS subjects.

Associations Between Microbiota and Host Gene Expression {#s0003}
========================================================

To further analyze the crosstalk between the host and the microbiota, we concentrated on the 27 bacterial taxa of IMD and separately studied the associations between bacterial abundance and the host gene expression in mucosal surface of rectum, the last part of large intestine. We mapped the microarray-derived gene expression data from rectal biopsies to known biological functions using Gene Set Analysis (GSA). There were numerous statistically significant associations between the abundance of the IBS-type microbiota and the level of expressed host genes that suggested an association between the discriminant microbiota and the physical barrier integrity of the host. The most prominent negative correlation was observed between 7 *Bacteroides* ssp and the expression of glycine, serine and threonine metabolism pathway. In general, glycine, serine and threonine are known to be important in the maintenance of gut integrity and the structure of the mucin layer.[@cit0037] For example, the majority of the dietary threonine is utilized for synthesising the secretory mucin and its dietary restriction results into impaired gut barrier.[@cit0038] Moreover, the mucus structure and the extent of its glycosylation shape the microbiota composition[@cit0039] and similar compositional changes have also been previously associated with barrier function abnormalities. Fucosyltransferase-2 is involved in the formation of the ABO-blood groups and its activity also creates adhesion receptor for several microbes.[@cit0040] Therefore, it is interesting that FUT2 deficient mice (*Fut2*^*−/−*^) have been shown to display similar differences in their microbiota composition to what was found in our study, i.e. increased amounts of several *Bacteroides* species and decreased levels of *Clostridiales*.[@cit0041]

In addition to alterations in the mucosal barrier genes, we identified several other pathways, including those that regulate cell junctions and inflammatory responses, to be associated with the IMD bacterial taxa. The results led us to hypothesize that both the physical and immunological gut barrier of subjects with an IBS-type microbiota has been compromised resulting in a low-grade inflammation, a feature of some IBS patients. Changes in the inflammatory response, barrier function and microbiota composition could therefore lead into changes in the other host parameters such as gut-brain axis receiving signals from these systems.[@cit0042] Moreover, we observed that the IMD correlated with the IBS symptoms and clinical features whereas the scores of anxiety and depression did not correlate with the IMD, indicating that patients with a more psychological basis for the disease have a rather undisturbed microbiota. This is in line with previous findings[@cit0021] and of great significance as it allows proposing a model in which some subjects with a relatively healthy microbiota report IBS symptoms while others with a microbiota resembling that of the IBS patients have no complaints as they have compensating factors that overcome the microbial component and hence are scored healthy ([**Fig. 2**](#f0002){ref-type="fig"}). Figure 2.Proposed model on how microbial aberrations could explain the disease etiology in IBS. The PI-IBS patients can be stratified according to the IMD (or more generally the microbial composition) to those with IBS-like microbiota (red) and those with a composition resembling healthy individuals (turquoise). Objective measurements such as low-grade inflammation and altered gene expression correlated with the IMD. Psychological aspects, such as depression or anxiety do not correlate with the IMD and these patients, though diagnosed with IBS, show a healthy-like microbiota profile. The correlations between host response and microbiota aberration identified in our study are indicated in bold.

Conclusions {#s0004}
===========

IBS has a heavy impact on the health care system[@cit0043] and currently the patient diagnosis is based on subjective symptoms and exclusion of other gastrointestinal diseases. Results from our study[@cit0018] as well as from others[@cit0021] suggest that diagnosis based on symptoms alone is not optimal and should be accompanied with objective markers, such as the microbiota composition. We introduced an Index of Microbial Dysbiosis (IMD) that can potentially be used to objectively stratify patients into smaller groups where the patients with psychological basis of the syndrome could be separated from those with a peripheral gut abnormality. By using a relatively small but carefully phenotyped cohort we identified several associations between the IMD taxa, hosts\' gene expression and clinical markers suggesting that impairment of intestinal barrier may underlie both immunological and microbiological deviations often associated with PI-IBS.[@cit0018] Here we show that the microbial signatures that were observed in our British PI-IBS cohort were reproduced in an independent Swedish PI-IBS cohort ([**Fig. 1**](#f0001){ref-type="fig"}). This testifies for the robustness of these signatures in different cohorts and countries as well of the used microbial analysis pipeline. The main observed microbial aberration included an increased level of *Bacteroides* spp and decreased level of Uncultured *Clostridiales*, both recently identified as contrasting tipping point taxa that reflect alternative stable states of the gut ecosystem.[@cit0017] Recently, similar bacterial signatures have been also detected in subjects prior to gastroenteritis,[@cit0033] suggesting that perhaps the microbial composition already at the time of the initial infection predisposes certain subjects for PI-IBS. This is of significance as it allows not only to diagnose these subjects but also may provide basis for treatment. Dietary corrections represent the major approach in managing the IBS symptoms[@cit0011] and it is expected that their efficacy depends on the individual\'s gut microbiota as microbial activity on food metabolism directly or indirectly contributes to many IBS symptoms.[@cit0007] This hypothesis is supported by a pilot study among pediatric IBS patients in US.[@cit0027] Of note, those children whose symptoms decreased during the test diet had lower abundance of *Bacteroides* and *Dialister* spp. that we found to typify the PI-IBS microbiota, further stressing the relevance of these organisms in IBS. We believe that the proposed model ([**Fig. 2**](#f0002){ref-type="fig"}) built on microbiota-based patient stratification will not only give insight into the observed microbiota heterogeneity among IBS patients as well as its partial overlap with healthy controls, but also represents a concrete step toward improved diagnostics and novel treatment options with improved efficacy.
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